In this paper, a scheme is presented for properly compensating current power quality problems in a network.
Introduction
Harmonic pollution and current unbalance in distribution networks caused by the expansion of nonlinear loads such as power electronic converters, computers, and fluorescent lights as well as the existence of single phase loads in three-phase networks are among the important issues in distribution networks, resulting in loss, overheating, and aging of equipment [1] [2] [3] . Passive filters, which have been used for a long time, and consist of inductors, capacitors, and resistors, are very simple, inexpensive, and fairly efficient. However, problems such as changes in frequency response with load variations, harmonics being compensated only one time by each filter, and so on have raised the subject of SAPFs [4] .
In recent years, due to the reduction in costs of power electronic switches and digital signal processors, using active power filters has become more common. SAPFs are capable of improving the problems of grid current such as power factor correction, and compensating harmonic currents and unbalance. The schematic view of a typical SAPF and its connections is shown in Figure 1 .
An SAPF is composed of a controller, a DC link capacitor, a coupling inductor, and a three-phase inverter. The most important part in an SAPF is its control system, which is divided into two parts; the first part generates the reference signal and the second part generates switching pulses. For the first part, various approaches have been presented in the literature by researchers. In [5] , using instantaneous reactive power theory is proposed for calculating the reference compensating current that must be injected into the network. Since then, instantaneous reactive power theory has been used in many papers [6, 7] . Using stationary reference frame, neural networks, time-domain current-detection algorithm, and sinusoidal integrator has been proposed in [8] , [9] , [4] , and [10] , respectively. The part that generates switching signals is divided into two approaches: linear and nonlinear. The nonlinear approach or hysteresis current controller controls the current between two adjustable limits around the reference signal. The main drawback of this approach is its wide range of switching frequency that limits its applications. A controller such as a proportional-integral (PI) controller, a proportional-resonant (PR) controller, or a repetitive controller (RC) along with pulse width modulation is used in the linear approach [11] .
Moreover, both direct and indirect methods are used to generate the current reference signal and control of the SAPF current. In the direct method, the load current and the output SAPF current are measured [12] . Among the disadvantages of this method is the need for a large number of sensors that causes increases delay and decreases dynamic response speed. However, in the indirect method, only the grid current is sampled. This causes a decrease in the number of sensors and thus increases dynamic response speed [13, 14] . The disadvantage of this method is its inability to protect the over current in the power converter.
In this paper, a scheme is presented for compensating current power quality problems of the network including compensating reactive power, harmonics, and current unbalance due to negative sequence by a SAPF. To do this, the grid current is measured and its fundamental component is extracted by means of an ANF and a PI controller, which is responsible for regulating the voltage of DC link. Then this fundamental component is used for generating reference signals in the SAPF. These reference signals are tracked by an SAPF controller, which forces the converter to generate a waveform of current that is sinusoidal from the network's view.
The unique feature of the proposed control scheme is that there is no need to measure the grid voltage. During a period, the current reference signal will be in phase with the grid voltage. As a result of the reduction in sensors number, implementation of the SAPF is easier, its flexibility increases, and its cost falls.
Next, in the second section, the relationships and the structure of ANF are presented for extracting the components of load current. In the third section, it is explained how the reference current is generated by using the data of ANF and the DC link voltage controller. In the fourth section, considering the small signal model of SAPF, the control system of SAPF is designed by using a proportional-resonant (PR) controller and a DC link voltage controller. Simulation results and conclusions are presented in sections 5 and 6, respectively.
ANF for extracting the current components
In this section, a scheme based on ANF is presented for extracting current components. ANF has a basic structure for extracting sinusoidal components of a signal along with its frequency variations. Differential equations of this filter are expressed by Eqs. (1)- (3):
where θ is the frequency of the estimated fundamental component, and ζ ik and γ are real adjustable positive values that determine the behavior of the ith subfilter in the system. These two parameters determine the steady state and transient behaviors of the filter, respectively. The input signal,
has unknown values such as the nonzero amplitude A i , ω i frequencies and φ i phases where i = 1, 2...n . The dynamic system expressed by Eqs. (1)-(3) has a unique periodic orbit located at [15] :
Eq. (4) shows that in each subfilter there are two outputs, one of which is equal to existing harmonic component in the input signal and the other one is equal to the derivative of that harmonic component. Using outputs given by Eq. (4), any kind of data about sinusoidal signals that comprise the input signal could be easily calculated.
For example, the amplitude of harmonic voltage of ith order could be calculated using
in the outputs of the ith subfilter. In fact, ANF is a sinusoidal signal integrator filter that corrects its own resonance frequency by measuring the network frequency. The detail of the structure of the ANF used in this paper is shown in Figure 2 .
In this figure, i nx and S 90 i nx represent the input signal's harmonic component of nth order and its derivative, respectively.
In a three-phase system, three ANFs are required [15] . However, by the use of the αβ transform, the current could be changed from three-phase to two-phase and, as a result, one of the filters could be removed. The αβ transform can be calculated using the following equations:
Here the ANF is composed of a filter for fundamental component, and two subfilters for the harmonic components of 5 and 7 orders. Using this combination decreases the error of frequency estimation and the errors of outputs of main filter and subfilters with a very high accuracy. It should be mentioned that the initial values of all integrators are zero except for the integrator of frequency estimation part. This integrator is set to the nominal frequency of the networks [15] . For more information regarding the ANF, refer to [16] .
In addition, for the sake of more simplification, if currents of all three phases are similar except for a difference of 120 degrees between each two phases, first the components comprising the current in phase 'a' are extracted then by using unit template vector, the components of other two phases could be calculated virtually [17] .
Generating reference current signal
In this paper, the indirect method is used to control the network current. In the direct method, the controller uses the load current and output current of SAPF, but in the indirect method just the source current is sampled and this decreases the costs and increases the speed of dynamic response.
In this method, a sinusoidal signal is generated as the reference signal and the SAPF is responsible for generating a waveform of current that makes the grid current closer to the reference current. Therefore, generating the reference current of source is one of the important control parts of the SAPF.
As can be seen in Figure 3 , once the current of each phase is measured, it is transferred to the αβ frame. The ANF is responsible for extracting the fundamental component of current in αβ axes. Once the fundamental current component and its derivative are separated by the ANF, the inverse αβ transform is taken of these outputs. Now, the fundamental components of current of each phase and their derivatives are available. In order to compensate the unbalance of grid current, the average values of the currents of fundamental component are calculated. Now, the reference current of the grid could be calculated by multiplying the following three factors: Figure 3 . The way the reference current is generated in the proposed scheme.
1) The output of PI controller, which is responsible for regulating DC link voltage.
2) The average values of currents of three phases of the network.
3) The fundamental component of current of each phase with amplitude of unity.
In section 4.3, it is explained that how reactive power is compensated.
Designing the control system
SAPF control is composed of two interconnected loops: 1) inner control loop, which is responsible for matching the grid current with the reference current, 2) outer control loop, which adjusts the DC link voltage at the desirable value. To avoid the interference of these two control loops, the inner control loop is designed in a way that it is faster than the outer loop as much as possible [18] .
Designing the inner loop
To design the inner control loop, the small signal model of the SAPF with its controller is shown in Figure 4 . In the design of the current controller, regardless of type of application, the error between the reference current and the real current is used for adjusting switching signals of the power electronic converter. The objectives of current controller are generally as follows [11] :
• Achieving minimum amplitude and phase errors and finally achieving the desirable error value of zero,
• Accurately tracking the reference current signal in transient time, which means a frequency response that is as large as possible,
• Limiting the current peak in order to prevent overloading.
Considering the aforementioned points, PI controllers could be used in control systems with rotating frame and PR controllers could be used in control systems with stationary frame. Since the stationary frame is used in this paper, the transfer function of the PR current controller is considered as the following equation: 5, 7, 11, 13 
where k p is the proportional gain, k i is the resonant gain, ω n denotes the nominal frequency of the network, and ω r is the cut-off frequency. Harmonics of the orders of up to 13 are considered as the dominant current harmonics. As can be seen in Figure 4 , the grid current (i s ) depends on three factors: the reference current, grid voltage, and load current. The grid current could be written as Eq. (7):
where G C is the current controller, T d represents the delays caused by sampling and pulse width modulation, V DC /2 is the converter gain, and l f and r f are the inductance and the coupling resistor between the converter and the grid, respectively. To have a grid current that is less affected by the load current and grid voltage, the coefficients of controller, G C , need to be as large as possible. However, existence of delays in the equations causes the selected ranges for the control coefficients to be small. According to [11] , it could be assumed that [19] , the desirable phase margin is considered to be between 30 and 60 degrees and gain margin is considered to be greater than 6 dB. Considering
The phase and gain margins, which are constraints for determining control coefficients, are determined by Eq. (8):
where φ m is the phase margin, ω c is the gain crossover frequency, k a is the gain margin, and ω a is the phase crossover frequency [19] . To determine the control coefficients, the phase margin is calculated: 5, 7, 11, 13 
Since ω c is large, Eq. (9) could be rewritten as follows:
Therefore, assuming an appropriate phase margin, the gain crossover frequency could be calculated using Eq.
:
Since the magnitude of open loop transfer function, G C (s) G inv (s), is equal to unity at the gain crossover frequency, the following equation could be written:
where k p could be approximated using Eq. (11):
In (9), we supposed that tan
is approximately equal to 90 degrees (or its exact value, 87 degrees, could be considered). The same equation is used to determine k i :
If it is assumed that all k i s are equal, we obtain
And as a result Figure 5 shows the open loop frequency response of the system, which is obtained by using the data in Table  1 . The frequency responses of transfer functions G1, G2, and G3 are shown in Figure 6 . As can be seen in this figure, these frequency responses have properly tracked the reference current system and there is no tracking error in the fundamental grid frequency and harmonics. However, due to the small proportional coefficient k p , this error exists in other frequencies. Moreover, the effect of load current harmonics and grid voltage on the grid current could be ignored. 
Designing the outer loop
The outer control loop is responsible for keeping the DC link voltage at a fixed value. Regulating the DC link voltage requires absorbing active power from the grid by the SAPF, and a PI controller is generally used in this part. To obtain the equations that govern this part, the following equation could be written based on the power balance equations in the grid [20] :
where p dc is the power required for regulating the DC link voltage. Furthermore,
In a balanced three-phase system,
By applying a small perturbation disturbance around the operating point at v dc and i c , also by linearization Eq. (16) around the operating point and ignoring terms of higher orders, the following equation is obtained: 
In the equation above, I c , v s , and V DC are the effective values of the operating point. If a PI controller is used for regulating the DC link voltage, the block diagram of the closed loop control system will be as shown in Figure 7 . Adjusting the coefficients of the PI controller is simply carried out by considering a maximum overshoot value of 10%. The calculated parameters are shown in Table 1 , and Figure 8 shows the open loop frequency response diagram of the system shown in Figure 7 . 
Reactive power compensation
Let us assume that the load only includes active and reactive power components at the fundamental frequency. Furthermore, it is assumed that the loss of active shunt filter is very low and ignorable. From Figure 1 , it can be concluded that
Moreover, from Figure 4 , it is clear that i c is equal to
On the other hand, considering the way the reference current is generated in Figure 3 , i ref = ki s , where, in steady state, k is a fixed number and is equal to the output of PI controller. Therefore, the following equation could be written:
Since it is assumed that the load current is only composed of fundamental component, behavior of the controller, G c , at fundamental frequency could be considered as the following equation:
Using Eqs. (19) , (21), and (22), the control system shown in Figure 9 at the frequency of fundamental component is obtained. Now we consider the system at the steady state; since the SAPF does not have any source of energy, it cannot generate active power. Therefore, the active power required by the load is supplied by the network. On the other hand, the reactive power in a lossless system does not need any source of energy [21] . Therefore, if the control system is designed properly, the SAPF is capable of supplying the reactive power. The reactive power of the load is considered as
where i Lq is the reactive component of the load current and has a certain value. Considering Figure 9 , the reactive component of the load current is equal to
Thus, the reactive component of the grid current is equal to
Using the final value theorem of the Laplace transform (Eq. (25)), the final value of the reactive current of the network could be calculated:
Eq. (26) shows that, under steady state conditions, the load reactive current is not supplied by the network.
Simulation results
This section presents the results of simulations that are carried out in MATLAB environment. Compensating harmonic current, unbalance, and reactive component of the network are carried out under various conditions. Five different cases of load and network voltage are considered in simulations. These cases will be investigated in this section. Parameters used in simulations are shown in Table 1 . In addition, the simulation results of the proposed control scheme have been compared with the results of the control scheme shown in Figure 10 . This comparison is presented in Table 2 .
a) The first case involves compensating grid current when a diode rectifier is connected to the network as a nonlinear load.
Simulation results are shown in Figure 11 , while harmonic spectrums of load and grid currents after compensation are shown in Figure 12 . In this case, the grid voltage is considered to be symmetric and sinusoidal, and load current THD is decreased from 23.6% to 3.2% in grid current.
b) The second case is analyzed in order to investigate the dynamic behavior of SAPF. At t = 0.35 s, nonlinear load of the network has been increased by a factor of 50%. Simulation results are shown in Figure 13 . As can be seen in Figure 13 , the grid current at the moment of load increase has tracked the reference current with a small overshoot, and the DC link voltage is well restored, which indicates the proper dynamic behavior of the control system. c) In the third case, the effect of voltage harmonics and unbalance on the performance of SAPF is investigated. Figure 14 shows the simulation results of this case. In this simulation, a 5% unbalance is added to fundamental component and harmonic of fifth order with amplitude of 0.1 pu is added to nominal voltage of the system. As it was shown in the frequency response of transfer function G2 in sections 1-4, voltage harmonics have an insignificant effect on the performance of the SAPF control system. The harmonic spectrum of load current (THD = 23.5%) and grid current (THD = 3.65%) in phase 'a ′ after simulation is shown in Figure 15 .
d) In the fourth case, simulation results show the performance of SAPF in balancing the grid current. In this case, a linear load is placed between phases 'a'and ' c ′ in order to make the load current unbalanced. Figure 16 shows the simulation results of this case. As can be seen in this figure, the proposed control scheme is highly capable of balancing load current. Data of each phase are presented in Table 3 . e) In the fifth case, reactive power compensation by means of an SAPF is investigated. As it was proved in section 4.3, the proposed control system is capable of compensating reactive power in steady state. To investigate this claim, a resistive-inductive load is connected to the grid. The power factor of this load is equal to 0.66.
Simulation results of this case are shown in Figure 17 . It can be seen in this figure that as time passes the SAPF compensates the grid reactive current well. 
Conclusions
In this paper, a new control scheme was presented for compensating power quality problems of grid current. Using an ANF, the fundamental component of the grid current was extracted and references of a control system were built based on it. The control system was designed based on proportional-resonant (PR) controller and delay limitations in digital systems. Using an indirect current control method decreased the number of required sensors to three. Therefore, two sensors are required for measuring the grid current and another sensor is needed to measure the DC link voltage. Decreasing the number of sensor reduces the cost and makes the implementation of control easier. These are two highly important advantages over other control approaches.
